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We propose and analyze a multi-photon state coherent transport protocol in a coupled-resonator
quantum network. A multi-photon SWAP gate between two antipodes can be achieved with neither
external modulation nor coupling strength engineering. Moreover, we extend this result to a coupled-
resonator chain of arbitrary length with different coupling strengths. Effects of decoherence via
quantum non-demolition interaction are studied with sources including vacuum quantum fluctuation
and bath thermal excitations when the bath is in the thermal equilibrium state. These observations
are helpful to understand the decoherence effects on quantum communication in quantum coupled-
resonator systems.
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Coherent transport of quantum information between
two remote qubits is of central importance in quantum
information processing (QIP). There have been many
studies of connecting remote solid qubits and realizing
transport in various systems, including flux qubits in
superconductors [1, 2], phonons in ion traps [3, 4] and
nuclear spins in nuclear magnetic resonance (NMR) [5].
Because of negligible interaction between separated pho-
tons, high-speed transmission with low dissipation in op-
tical fibers and compatibility with class telecommunica-
tion fiber technology, an optical quantum network has
become one of the most promising candidates for scalable
QIP in the past decades [6]. In this case, photon coher-
ent transport is of both fundamental and practical im-
portance to perform communication between two nodes
[7]. Knill et al. showed that an efficient quantum com-
putation can be implemented with single-photon sources,
single-photon detectors and linear optics alone [8], how-
ever, the complexity of required networks is daunting.
Furthermore, the narrow spectral bandwidth in the con-
ventional single-photon cavities with high Q factor will
decrease the single-photon detection efficiency [9]. For
these reasons, most of alterative and feasible approaches
have been proposed by encoding quantum information on
multi-photon fields to overcome these limitations [10–19].
Prior work on quantum communication in quan-
tum networks has commonly focused on either spin
or single-photon qubits [20–22], while the study of
coupled-resonator chains with continuous-variable quan-
tum states has attracted much attention [23–27], and
the mapping of quantum states between photons and
atoms has been implemented in experimental systems
[28–31], as a critical requirement for distributed quan-
tum information. In this Letter we investigate the multi-
photon state coherent transport between two antipodes
in coupled-resonator quantum networks based on Carte-
sian products of graph theory [20, 32]. A chain of two
or three resonators can work as basic building blocks
to build quantum coupled-resonator networks which are
multiple Cartesian products of either of the two simple
chains. This can achieve a perfect multi-photon SWAP
gate after a period of time evolution on a hypercubic
structure that is one of those commonly used in networks
and a direct generalization of spin chains. The method
swaps the arbitrary bosonic states of two antipodes res-
onators under time evolution, which is determined by the
natural dynamics and requires neither external modula-
tion of Hamiltonian nor inter-resonator coupling strength
engineering. Its essence is that a perfect SWAP opera-
tion is allowable for a chain of either two or three res-
onators. As a consequence, we extend this result to a
coupled-resonator chain of arbitrary length and a mirror
inversion of bosonic states with respect to its center is
implemented. Also the optimal time over these coupled-
resonators is independent of the distance between two
remote nodes and the speedup of the perfect state trans-
fer is possible.
The interaction between a realistic quantum system
and its surrounding environment is hardly avoidable.
The proposed protocol with perfect quantum state trans-
fer occurs in a closed system or an ideal condition without
decoherence. Thus it is necessary to study the decoher-
ence effects on such protocol. The decoherence is char-
acterized by a pure dephasing model for an open system
coupled to a bosonic bath via quantum non-demolition
interaction [33]. We assume that the decoherence effects
on each eigenmode of the network are identical and the
decoherence occurs between the occupancy number bases
in Fock space. After unitary evolution and in Heisenberg
picture, a SWAP gate under decoherence is achieved with
two additional phase factors. In a special case where the
bath is in the thermal equilibrium state, the sources of
decoherence effects on the gate include vacuum quantum
2perature. Observing these will help us to understand the
decoherence effects on quantum communication in quan-
tum coupled-resonator systems.
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FIG. 1: (a) A cubic quantum network is the 3-fold Carte-
sian product of two-resonator chain with uniform coupling
strength. A multi-photon SWAP gate between the two nodes
along each main diagonal is achieved at the optimal time. (b)
A coupled-resonator chain with different coupling strengths.
Its coupling strength distribution is characterized by the x
component of an angular momentum operator to implement
a mirror inversion of arbitrary bosonic states with respect to
the center of the chain.
The Hamiltonian of a coupled-resonator quantum net-
work described by a graph G is
HS =
N∑
u=1
Ωa†uau +
N∑
u,v=1
Kuv(G)a†uav, (1)
where au and a
†
u are the bosonic annihilation and cre-
ation operators for the single mode resonators with fre-
quency Ω at node u, Kuv(G) = κAuv(G) represents the
coupling strength between nodes u and v. A(G) is the
adjacency matrix of graph G, Auv(G) = 1 if the two
nodes u and v are adjacent; otherwise Auv(G) = 0. It
means that only the nearest neighbor (NN) coupling is
considered. Since A is a symmetric matrix, its diagonal-
ization occurs through an orthogonal transformation U
as D = UAU † with Dkl = λkδkl. This transformation
yields HS =
∑N
k=1 εkf
†
kfk, where fk =
∑N
u=1 Ukuau is
the Bogoliubov transformation and εk = Ω + κλk. The
bath Hamiltonian consisting of harmonic oscillators with
infinite modes is HB =
∑
j ωjb
†
jbj, where bj (b
†
j) are the
bosonic annihilation (creation) operators for the modes
of frequencies ωj and j = 1, 2, · · · ,∞. The interaction
between the quantum network and the bath is character-
ized by a simple decoherence model with non-demolition
Hamiltionian HI = R⊗X [33] , where R =
∑N
k=1 rkf
†
kfk
depends on the network variables and the quantum noise
operator X =
∑
j ξjbj + H.c. on the bath variables.
The dynamics of composite system is driven by the total
Hamiltonian H = HS +HB +HI . Since [HI , H ] = 0 and
[HB, H ] 6= 0, the energy exchange is unallowable between
the network and its surrounding bath, and an irreversible
process of information loss happens.
In Heisenberg picture, the Heisenberg equation of mo-
tion, O˙(t) = i[H,O(t)], governs the time evolution of an
operator. By applying this equation, the exact solutions
of operators f †k and b
†
j can be found [34]
f †k(t) = e
iεkteirk[Z(t)−F (t)R0]f †k(0) (2)
and
b†j(t) = e
iωjtb†j(0) + iξjη
∗
j (t)R0, (3)
where Z(t) =
∑
j [ξjηj(t)bj(0)+H.c.] is the phase opera-
tor with ηj(t) = i(e
−iωjt − 1)/ωj, F (t) = 2
∫
dωJ(ω)(t−
sinωt/ω)/ω is a c-number with the bath spectral den-
sity function J(ω) =
∑
j |ξj |2δ(ω − ωj), and R(t) =
R0 as a result of its conservation, i.e., [H,R(t)] =
0. rk is a parameter to measure the decoherence ef-
fects on the kth mode of network. We assume that
the effects on each mode are identical, rk = r, and
the decoherence occurs in Fock space. After the in-
verse Bogoliubov transformation and time evolution,
the creation operator a†m becomes a
†
m(t) = e
iY (t)a˜†m(t).
The term a˜†m(t) =
∑
k Ukme
iεktf †k(0) is the network
free evolution and Y (t) = r[Z(t) − F (t)R0] represents
the decoherence effects. Upon introducing Bogoliubov
transformation again, a˜†m(t) is transformed to a˜
†
m(t) =
eiΩt
∑N
u=1(e
iκAt)uma
†
u. Thus the time evolution of quan-
tum states is driven by the adjacency matrix of the net-
work, which is analogous to the spin networks [20].
A chain of two or three resonators can act as ba-
sic building blocks to build coupled-resonator networks
which are multiple Cartesian product of either of the two
simple chains [20]. The two-resonator chain is denoted
by G1 and the three-resonator one by G2. The three-fold
Cartesian product of G1 is a cubic network as shown in
Fig. 1(a). The relations of adjacency matrices A(G) and
A(Gθ) after g-fold Cartesian product obey the rules of
Kronecker product A(G) =∑g−1j=0 I⊗j⊗A(Gθ)⊗I⊗(g−j−1)
with an identity matrix I and θ = 1, 2. Consequently,
eA(G) = [eA(Gθ)]⊗g, and A(Gθ) determines the evolution
of network G. After evolution and at the optimal time
t = τθ ≡ pi/21/θκ, [eiκA(G)τθ ]um = iθgδu,N+1−m gives
that
a†m(τθ) = P0P1a
†
N+1−m, (4)
demonstrating the relations between the state of node m
at t = 0 and that of node N + 1 −m at t = τθ. Here,
the phase P0 = e
iΩτθ iθg arises from the free evolution of
3network and P1 = e
iY (τθ) from the decoherence. Actu-
ally, it is a perfect SWAP gate between the two antipodes
in the absence of decoherence. It requires neither exter-
nal manipulation nor coupling strength engineering. For
simplicity, we take the cubic quantum network as an ex-
ample, as shown in Fig. 1(a), the time evolution swaps
arbitrary bosonic states of the two antipodes along each
main diagonal at the optimal time.
In ideal conditions without decoherence, the proposed
method can potentially allow for the realization of a per-
fect SWAP gate with coherent-state qubits between two
antipodes in the quantum network. We consider an ini-
tial state |Φ〉ini =
∏N
u=1 |αu〉u, where |αu〉u is the co-
herent state with amplitude αu at node u. The coher-
ent state can be produced by a displacement operator
D(α) = e−|α|
2/2eαa
†
e−α
∗a displacing the vacuum state
|0〉, |α〉 = D(α)|0〉. After evolution in Heisenberg pic-
ture and inversion back to Schro¨inger picture, the final
quantum network state becomes
|Φ〉fin =
N∏
u=1
|βu〉N+1−u (5)
with βu = P
∗
0 αu. The coherent-state SWAP gate be-
tween nodes m and N+1−m is achieved. In addition to
the coherent state, the coherent transport of the multi-
photon entangled states can be implemented by means
of our scheme with an alterative Hamiltonian
Ha =
∑
σ
[
N∑
u=1
ωa†u,σau,σ +
N∑
u,v=1
Kuv(G)a†u,σav,σ
]
, (6)
where σ = h, v are the photon polarization states with h
represented by horizontal polarization and v by vertical.
The creation operator with polarization state σ is likewise
transformed to a˜†m,σ(τθ) = P0a
†
N+1−m,σ at the optimal
time τθ. Without loss of generality and for simplicity, an
initial state |Φ′〉ini =
∏N
u=1 |Ψ′〉u with
|Ψ′〉u =
(|h〉⊗Mu + |v〉⊗Mu)
u
/
√
2 (7)
is taken as an example. The time evolution under the
Hamiltonian Ha swaps the multi-photon entangled states
of two antipodes with the finial state
|Φ′〉fin = PE
[N/2]∏
u=1
SWAPu,N+1−u
 |Φ′〉ini, (8)
where PE =
∏N
u=1(P
∗
0 )
Mu is an additional phase.
Besides the case of single mode resonators, the im-
plementation of multi-mode resonators of frequencies
Ωϑ is directly analogous. In multi-mode quantum
networks, the Hamiltonian is HS =
∑
ϑHϑ with
Hϑ =
∑N
u=1Ωϑa
†
u,ϑau,ϑ +
∑N
u,v=1Kuv(G)a†u,ϑav,ϑ. Since
[Hϑ, Hϑ′ ] = δϑϑ′ , it is possible to have a˜
†
m,ϑ(τθ) =
P0,ϑa
†
M+1−m,ϑ with P0,ϑ = e
iΩϑτθ iθg.
Extensions.—While the case of a multi-dimensional hy-
ercube has been chosen to focus on, we extend this result
to a one-dimensional (1D) coupled-resonators and the re-
alization of such resonator chain can be explored in many
physical systems [35–40]. If Kuv(G) = κu−1δu,v+1 +
κuδu,v−1 in the Hamiltonian of Eq. (1), the Hamilto-
nian describes a 1D coupled-resonator system with dif-
ferent coupling strengths as shown in Fig. 1(b). The
coupling strength distribution matrix K is identical to
the representation of a Hamiltonian H ′ = λJx through
pre-engineering the inter-resonator coupling strengths as
κu = λ
√
u(N − u)/2, where Jx is the x component of
a fictitious angular momentum operator J = (N − 1)/2
and λ is some constant [20].
The isomorphism of su(2) and so(3) Lie algebras
gives the remarkable result that SU(2) and SO(3) Lie
groups are locally isomorphic, and the commutation
relations of an arbitrary angular momentum operator
can be reduced to those of harmonic oscillator opera-
tors in Schwinger picture, e.g., Jx can be rewritten in
terms of two bosonic operators as Jx = (c
†
1c2 + c1c
†
2)/2
[41]. H ′ can be viewed as a Hamiltonian for the
two resonators with coupling strength λ/2 and perfect
quantum state transfer between the two resonators is
possible, which gives that eiH
′τ ′c†1e
−iH′τ ′ = ic†2 and
eiH
′τ ′c†2e
−iH′τ ′ = ic†1 at the optimal time t = τ
′ ≡ pi/λ.
It yields 〈m′z|eiλJxτ
′ |mz〉 = i2Jδm′zmz and (eiKτ
′
)um =
iN−1δu,N+1−m, where mz,m
′
z = −J,−J + 1, ..., J − 1, J
and |mz〉 = (a†1)J+mz (a†2)J−mz/
√
(J +mz)(J −mz)|0〉.
Thus a˜†m(t) becomes
a˜†m(τ
′) = P ′0a
†
N+1−m, (9)
where P ′0 = e
iΩτ ′ iN−1. As desired, the SWAP gate be-
tween sites m and N + 1 − m is achieved under time
evolution. The noise effect is P ′1 = e
iY (τ ′) when the de-
coherence is present.
Decoherence in thermal equilibrium state.—When the
unavoidable bath is in the thermal equilibrium state, its
variables are distributed in an uncorrelated thermal equi-
librium mixture of states and the density matrix satisfies
Boltzmann distribution ρB = e
−HB/T /Z, where T rep-
resents the temperature and Z = tr(e−HB/T ) is the par-
tial function. A density operator ρ can be expressed in
terms of coherent states in coherent-state representation
ρ =
∏
j
∫
ρj(αj , α
∗
j )|αj〉〈αj |d2αj , and
ρj(αj , α
∗
j ) = tr[ρδ(α
∗
j − a†j)δ(αj − aj)] (10)
builds a connection between the classical and quantum
coherence theory [42]. For the thermal equilibrium state,
ρj(αj , α
∗
j ) = e
−|αj |
2/〈nj〉/pi〈nj〉 with the average exci-
tation number 〈nj〉 = (eωj/T − 1)−1 in the modes of
frequencies ωj. The initial state of composite system
is a direct product ρ(0) = ρS(0) ⊗ ρB, and the den-
sity matrix is ρS(0) = |ψ(0)〉〈ψ(0)| with a generic state
|ψ(0)〉 =∏Nu ∑nu cnu |nu〉u.
4After evolution and tracing out the variables
of the bath, we have the reduced density ma-
trix of quantum network at the optimal time
ρS(τ
′) =
∑
n,n′ Dn,n′(T )ρn,n′(τ
′) with two vectors n =
n(n1, ..., nN ) and n
′ = n′(n′1, ..., n
′
N ) in a chain of res-
onators, it is directly analogous in the case of hypercubic
networks. Dn,n′(T ) is an expected value of a displace-
ment operatorDj(βjn′n) in the thermal equilibrium state
Dn,n′(T ) =
∏
j
∫
d2αjρj(αj , α
∗
j )〈αj |Dj(βjn′n)|αj〉,
(11)
where βjn′n = −i(n − n′)rξ∗j ηj(τ ′), Dj(βjn′n) =
eβjn′nb
†
j
−β∗
jn′n
bj , n =
∑N
u=1 nu and n
′ =
∑N
u=1 n
′
u.
Dn,n′(T ) = D
[0]
n,n′D
[T ]
n,n′ includs the vacuum quantum
fluctuation D
[0]
n,n′ = Πje
−znn′;j(τ
′)/2 and the bath ther-
mal excitations D
[T ]
n,n′ =
∏
j e
−gj(T ) with gj(T ) =
znn′;j(τ
′)/(eωj/T − 1) and znn′;j(τ ′) = |βjn′n|2. ρn,n′(τ ′)
is
ρn,n′(τ
′) =
N∏
u=1
cnu(τ
′)c∗n′u(τ
′)|nu〉〈n′u|N+1−u, (12)
where cnu(τ
′) = (P ′∗0 )
nue−inu(nu+1)r
2F (−τ ′)/2cnu . As
an illustration, the Ohmic spectral density of bath is
taken by J(ω) = γωe−ω/Γ with a dimensionless cou-
pling constant γ and the bath’s response frequency Γ
[43, 44]. We have that D
[0]
n,n′ = (1 + Γ
2τ ′2)−(n−n
′)2r2γ/2
and
∑
j gj(T ) = 4γ(n− n′)2g2I(τ ′) with
I(τ ′) =
∫
dω
1
ωeω/Γ(eω/T − 1) sin
2 ωτ
′
2
. (13)
A special case is that |ψ(0)〉 = (∑M−1n1=0 cn1 |n1〉1)⊗ |0〉,
which means that all of nodes are initialized to vacuum
state except for node 1. The quality of SWAP gate be-
tween nodes 1 and N can be defined by an average fi-
delity 〈F 〉 =
√
〈φ0|U †ρ(t)U |φ0〉, where the overline indi-
cates average overall possible input state |φ0〉 and U is
an ideal SWAP gate. It turns out to be at the optimal
time
〈F 〉 =
√√√√√ M−1∑
n1,n′1=0
|cn1 |2|cn′1 |2Dn1,n′1(T ). (14)
Figure 2 shows the fidelity as a function of coupling pa-
rameter λ and finite temperature T in a chain of coupled-
resonators. It is seen that the fidelity decreases with
temperature and increases with coupling strength. The
strong coupling can partly counteract the decoherence
effects to ensure the high fidelity of SWAP gate.
In summary, we have investigated a multi-photon co-
herent transport protocol in a coupled-resonator quan-
tum network and proposed a perfect multi-photon SWAP
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FIG. 2: The decoherence effects on the proposed multi-photon
swap gate in a chain of resonators. γ = 1, Γ = 1. (a) The vac-
uum quantum fluctuation effects on the swap gate fidelity. (b)
The swap gate fidelity as a function of temperature at several
coupling parameters. 〈F 〉 is average fidelity, λ is a coupling
parameter in the coupled-resonator chain, r is a coupling pa-
rameter between the network and the bath, γ is a dimension-
less coupling constant and Γ is the bath’s response frequency
in Ohmic spectral density, T is temperature, and M is the
dimension of initial state at node 1 in this special case.
gate between two antipodes. The quantum network is
the multi-fold Cartesian product of a chain of either two
or three resonators and the method requires neither ex-
ternal modulation nor inter-resonator coupling strength
engineering. As an extension, we have shown that a
multi-photon SWAP gate can be achieved perfectly over
a chain of arbitrary length as long as one can pre-engineer
inter-resonator coupling strengths. The optimal time is
independent of the distance between the two remote par-
ties, and the speedup of state transfer is possible. The
decoherence effects on the SWAP operation have been
demonstrated explicitly. The sources include the vac-
uum quantum fluctuation and the bath thermal excita-
tions when the bath is in the thermal equilibrium state.
Such observations can help us to deepen our understand-
ing of the decoherence effects on quantum communica-
tion in quantum coupled-resonator systems and evaluate
the proposed protocol when it works in thermal envi-
ronment. Additionally, our method can provide the im-
plementation of coherent-state SWAP gate and arbitrary
dimensional quantum state transfer based on photons.
We gratefully acknowledge conversations with J. Pear-
son. This work was supported by the National Natu-
ral Science Foundation of China (GrantNos. 11175094,
91221205,61205117,), the National Basic Research Pro-
gram of China (2011CB921602), and the Specialized Re-
search Fund for the Doctoral Program of Education Min-
istry of China.
∗ Corresponding author gllong@mail.tsinghua.edu.cn
5[1] M. A. Sillanpa¨a¨, J. I. Park and R. W. Simmonds, Nature
(London) 449, 438 (2007).
[2] J. Majer et al., Nature (London) 449, 443 (2007).
[3] D. Leibfried et al., Nature (London) 422, 412 (2003).
[4] F. Schmidt-Kaler et al., Nature (London) 422, 408
(2003).
[5] J. Zhang, G. L. Long, W. Zhang, Z. Deng, W. Liu, and
Z. Lu, Phys. Rev. A 72, 012331 (2005).
[6] H. J. Kimble, Nature (London) 453, 1023 (2008).
[7] T. Chanelie`re, D. N. Matsukevich, S. D. Jenkins, S.-Y.
Lan, T. A. B. Kennedy and A. Kuzmich, Nature (Lon-
don) 438, 833 (2005).
[8] E. Knill, L. Laflamme, and G. J. Milburn, Nature (Lon-
don) 409, 46 (2001).
[9] T. Lund-Hansen, S. Stobbe, B. Julsgaard, H.
Thyrrestrup, T. Su¨nner, M. Kamp, A. Forchel, and P.
lodahl, Phys. Rev. Lett. 101, 113903 (2008).
[10] S. L. Braunstein and H. J. Kimble, Phys. Rev. Lett. 80,
869 (1998).
[11] T. C. Ralph, W. J. Munro and G. J. Milburn, Proc. SPIE
4917, 1 (2002).
[12] S. D. Bartlett, Hubert de Guise, and B. C. Sanders, Phys.
Rev. A 65, 052316 (2002).
[13] T. C. Ralph, A. Gilchrist, G. J. Milburn, W. J. Munro
and S. Glancy, Phys. Rev. A 68, 042319 (2003).
[14] A. P. Lund, T. C. Ralph and H. L. Haselgrove, Phys.
Rev. Lett. 100, 030503 (2008).
[15] H. Takahashi et al., Phys. Rev. Lett. 101, 233605 (2008).
[16] J. Joo, W. J. Munro, and T. P. Spiller, Phys. Rev. Lett.
107, 083601 (2011).
[17] R. Blandino, F. Ferreyrol, M. Barbieri, P. Grangier and
R. Tualle-Brouri, New J. Phys. 14, 013017 (2012).
[18] J. S. Neergaard-Nielsen, Y. Eto, C. Lee, H. Jeong and
M. Sasaki, Nat. Photon. 7, 439 (2013).
[19] F. E. Becerra, J. Fan, G. Baumgartner, J. Goldhar, J. T.
Kosloski and A. Migdall, Nat. Photon. 7, 147 (2013).
[20] M. Christandl, N. Datta, A. Ekert, and A. J. Landahl,
Phys. Rev. Lett. 92, 187902 (2004).
[21] C. Chudzicki and F. W. Strauch, Phys. Rev. Lett. 105,
260501 (2010).
[22] P. J. Pemberton-Ross and A. Kay, Phys. Rev. Lett. 106,
020503 (2011).
[23] M. B. Plenio, J. Hartley and J. Eisert, New J. Phys. bf
6, 36 (2004).
[24] M. B. Plenio and F. L. Semia˜o, New J. Phys. 7, 73 (2005).
[25] M. Yung and S. Bose, Phys. Rev. A 71, 032310 (2005).
[26] G. A. Paz-Silva, S. Rebic´, J. Twamley, and T. Duty,
Phys. Rev. Lett. 102, 020503 (2009).
[27] L. Wu, A. Miranowicz, X. Wang, Y. Liu, and F. Nori,
Phys. Rev. A 80, 012332 (2009).
[28] D. N. Matsukevich and A. Kuzmich, Science 306, 663
(2004).
[29] A. Stute, B. Casabone, B. Brandsta¨tter, K. Friebe, T. E.
Northup and R. Blatt, Nat. Photon. 7, 219 (2013).
[30] J. I. Cirac, P. Zoller, H. J. Kimble, and H. Mabuchi,
Phys. Rev. Lett. 78, 3221 (1997).
[31] A. D. Boozer, A. Boca, R. Miller, T. E. Northup, and H.
J. Kimble, Phys. Rev. Lett. 98, 193601 (2007).
[32] Selected Topics in Graph Theory, edited by L. W. Beineke
and R. J. Wilson (Academic, London, 1978).
[33] V. B. Braginsky, F. Y. Khalili, Quantum Measure-
ment, (Cambridge University Press, Cambridge, Eng-
land, 1995).
[34] Y. B. Gao, C. P. Sun, Phys. Rev. E 75, 011105 (2007).
[35] A. H. Safavi-Naeini et al., Nature 472, 69 (2011).
[36] G. D. de Moraes Neto,M.A. dePonte, M.H. Y. Moussa,
Phys. Rev. A 84, 032339 (2011).
[37] C. D. Ogden, E.K. Irish, M.S. Kim, Phys. Rev. A 78,
063805 (2008).
[38] L. Zhou, Y.B. Gao, Z. Song and C.P. Sun, Phys, Rev. A
77, 013831 (2008).
[39] K. R. Brown et al., Nature 471, 196 (2010).
[40] A. Greentree et al., Nature Phys. 2, 856 (2006).
[41] J. Schwinger, Quantum Theory of Angular Momentum,
(Academic Press, New York, 1965).
[42] M. O. Scully and M. S. Zubairy, Quantum Optics, (Cam-
bridge University Press, Cambridge, England, 1997).
[43] A. J. Leggett, S. Chakravarty, A. T. Dosey, M. P. A.
Fisher, and W. Zwerger, Rev. Mod. Phys. 59, 1 (1987).
[44] A. E. Allahverdyan, R. S. Gracia, and T. M. Nieuwen-
huizen, Phys. Rev. Lett. 93, 260404 (2004).
